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Abstract
We compute the interference between the resonant process pp→ H(→ γγ)+ 2 jets and the corresponding
continuum background at leading order in QCD. For the Higgs signal, we include gluon fusion (GF)
and vector boson fusion (VBF) production channels, while for the background we consider all tree-level
contributions, including pure EW effects (O(α4QED)) and QCD contributions (O(α
2
QEDα
2
s)), plus the loop-
induced gluon-initiated process. After convolution with the experimental mass resolution, the main effect
of the interference is to shift the position of the mass peak, as in the inclusive GF case studied previously.
The apparent mass shift is small in magnitude but strongly dependent on the Higgs width, potentially
allowing for a measurement of, or bound on, the width itself. In the H(→ γγ) + 2 jets channel, the VBF
and GF contributions generate shifts of opposite signs which largely cancel, depending on the sets of cuts
used, to as little as 5 MeV (toward a lower Higgs mass). The small magnitude of the shift makes this
channel a good reference mass for measuring the inclusive mass shift of around 60 MeV in the Standard
Model.
INTRODUCTION
In 2012, the ATLAS and CMS collaborations at the
Large Hadron Collider (LHC) observed a new particle
whose measured properties are, so far, compatible with
the Standard Model (SM) Higgs boson [1, 2]. It is now
important to study the new particle’s properties as accu-
rately as possible, in order to unveil any possible devia-
tions from the predictions of the SM.
The observed resonance in the diphoton invariant mass
at the LHC was one of the main discovery channels, and it
provides a very clean signature for probing Higgs prop-
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erties. In the inclusive case, i.e. the resonant process
pp→ H(→ γγ)+X , the main contribution to the signal
cross section comes from the Gluon Fusion (GF) mech-
anism, while the corresponding background is driven by
the partonic process qq¯ → γγ and its higher order QCD
corrections. The next most prominent production pro-
cess is Vector Boson Fusion (VBF). It has a smaller rate,
but the signal to background ratio in the diphoton chan-
nel can be larger after suitable cuts on the two additional
jets present in VBF.
The other principal Higgs discovery channel was pp→
H(→ ZZ∗ → 4 leptons) + X . The diphoton and ZZ∗
mode are also the only decay modes from which a pre-
cise measurement of the Higgs boson mass has been ob-
tained. A recent combined measurement from ATLAS
and CMS [3] has determined the masses in the two modes
to be,
mγγH = 125.07± 0.25 (stat)± 0.14 (syst) GeV, (1)
mZZ
∗
H = 125.15± 0.37 (stat)± 0.15 (syst) GeV, (2)
2yielding a mass difference of,
mγγH −m
ZZ∗
H = −80± 490 MeV, (3)
neglecting any correlations between the systematic er-
rors. Because these measurements are currently statis-
tically limited, they should improve significantly in the
next run of the LHC.
The effect of the interference between signal and back-
ground in the inclusive γγ channel has been studied in
Refs. [4–9]. In particular, as first shown in Ref. [6], the
main effect of the interference, after convolution with the
broad (∼ 1 GeV) experimental diphoton mass resolution,
is to produce a shift in the diphoton mass peak towards
lower invariant masses. At leading order in αs (LO), this
shift is of the order of 100 MeV [6–8]. Including the
dominant next-to-leading order (NLO) contributions, it
declines to around 60–70 MeV [9].
As was pointed out in Ref. [9], this apparent mass shift
could also be used to bound the value of the Higgs width.
In the SM, the width of the Higgs boson is ΓSM = 4.07
MeV, far too narrow to observe directly. In a line-
shape model that preserves the signal yields to SM states,
the mass shift scales like the square-root of the width,
δmH ∝
√
Γ/ΓSM. The mass shift in the ZZ
∗ channel
is negligible compared to that in γγ [9, 10]. Thus, the
measurement (3) already implies a bound at 2σ on the
Higgs boson width of order
Γ
ΓSM
< 250, (4)
or around 1 GeV, better than the 2.4 GeV that has been
achieved by a direct lineshape measurement [11].
There are other indirect approaches to bounding or
measuring the Higgs boson width. For example, it has
been proposed to measure the yield of ZZ or WW boson
pairs at high invariant mass [12–15], using the fact that
unitarity cancellation involving the SM Higgs for tt¯ →
ZZ or tt¯ → WW —which takes place inside the loop
for gg → ZZ or WW , as described in Ref. [10] — is
disrupted in the lineshape model mentioned above. This
is a powerful method, already leading to bounds from
CMS [16] and ATLAS [17] that are of order Γ/ΓSM <
4.5, much smaller than eq. (4). However, this method
is also considerably more model-dependent. As pointed
out for example in Refs. [18–20], it can be circumvented
by form-factor effects or combined unitarity cancellations
from other, yet unobserved Higgs bosons. It also appears
difficult at present to push this method all the way down
to Γ/ΓSM ≈ 1, due to theoretical uncertainties on the
ZZ and WW continuum backgrounds.
In contrast, the mass-shift method operates very close
to the Higgs resonance, produces a distinctive signature,
and is not affected by other physics that might take place
at higher energy scales. On the other hand, it will be
challenging to reduce the uncertainty in eq. (3) by an-
other order of magnitude, in order to probe widths of
order the Standard Model prediction. While the uncer-
tainty currently is dominated by statistics, at some point
systematic uncertainties will become important. In par-
ticular, the systematic uncertainty on mγγH is determined
largely by the photon energy calibration, whereas the
uncertainty for mZZ
∗
H is a combination of electron and
muon calibrations. The momenta of muons are deter-
mined from tracking, while photon and electron energies
are derived from the electromagnetic calorimeters. Nev-
ertheless, electron and photon response is not identical,
and the difference plays a large role in using the Z mass
in Z → e+e− to calibrate mγγH [11, 21]. Finding another
reference mass besides mZZ
∗
H , with photons in the final
state, might lead to reduced systematic uncertainties. In
Ref. [9] it was proposed to use a subsample of the in-
clusive GF γγ sample with nonzero Higgs transverse mo-
mentum pT,H , taking advantange of a strong dependence
of the mass shift on pT,H [8]. However, this dependence
is also difficult to predict very precisely theoretically.
In this paper we propose using another γγ sample, in
which the two photons are produced in association with
two jets. Although this process is relatively rare, so is
the background, making it possible to obtain reasonable
statistical uncertainties on the position of the mass peak
in this channel, despite the lower number of events. The
production of a Higgs in association with two jets is char-
acteristic of the Vector Boson Fusion (VBF) production
mechanism. While, in general terms, VBF is subdomi-
nant with respect to GF, it has a very different kinemati-
cal signature and can be selected through an appropriate
choice of the experimental cuts. From a theoretical point
of view, the VBF production mechanism has the addi-
tional advantage that perturbative corrections are much
smaller than for GF (see e.g. Ref. [22]). In the following,
we will study the effect of the signal-background interfer-
ence for both the GF and VBF production mechanisms.†
By adjusting the cuts on the associated jets, we can use
a cancellation between GF and VBF mass shifts to min-
imize the mass shift in this sample, making it an excel-
lent reference mass for studies at high LHC luminosity,
instead of or in addition to the ZZ∗ reference mass in
eq. (3).
OVERVIEW OF THE CALCULATION
The interference of the resonant production process
i1i2 → H(→ γγ) + 2j with the continuum background
i1i2 → γγ + 2j can be expressed at the level of the par-
† Recently, a similar study has been performed for VBF Higgs pro-
duction in e+e− annihilation [23], where there is no competition
from GF, and a shift of order 100 MeV was found.
3tonic cross section as:
δσˆi1i2→H(→γγ)+2j=
−2(sˆ−m2H)
Re (Ai1i2→H+2jAH→γγA
∗
cont)
(sˆ−m2H)
2 +m2HΓ
2
−2mHΓ
Im (Ai1i2→H+2jAH→γγA
∗
cont)
(sˆ−m2H)
2 +m2HΓ
2
, (5)
where sˆ = si1i2 is the square of the center-of-mass energy
for the two incoming partons i1 and i2, “2j” stands for
the two outgoing partons, and mH and Γ are the Higgs
mass and decay width, respectively‡.
In practice, the Higgs resonance is very narrow, much
narrower than the experimental resolution. As pointed
out in Refs. [4, 5], this implies that the first term in
eq. (5), arising from the real part of the Breit-Wigner —
which is odd in sˆ around mH — is strongly suppressed
by the integral across the resonance. (This is true pro-
vided that all sˆ-dependent functions vary slowly across
the resonance, which is the case.) However, as shown
by Martin [6], the experimental smearing does leave be-
hind a quantifiable effect on the position of the dipho-
ton invariant mass peak, shifting it to lower masses by
O(100 MeV) at LO. The reason for this shift is the an-
tisymmetric nature of the interference: the differential
cross section gets slightly enhanced (or suppressed, de-
pending on the sign of the interference term) below, and
suppressed (enhanced) above m2H , causing the peak of
the smeared invariant-mass distribution to move lower
(higher). The effect is larger than one might naively ex-
pect because the real part of the Breit-Wigner has a large
tail, proportional to 1/sˆ, which gets enhanced by the ex-
perimental smearing, in a manner which is roughly pro-
portional to the experimental resolution. In the end, the
observed shift arises from an interplay between a theo-
retical and an experimental effect.
In contrast, the imaginary part of the Breit-Wigner
(the second term in eq. (5)) has the same dependence on sˆ
as the signal contribution and can, in principle, give a sig-
nificant contribution to the cross section. However, this
term turns out to be quantitatively suppressed because it
requires a relative phase between signal and background
amplitudes [5]. We do not consider it in the following,
focusing instead on the mass shift.
In the present article we consider both GF and VBF
Higgs production mechanisms for the resonant process
pp → H(→ γγ) + 2 jets at LO. For the background,
we include at tree level the pure electroweak (EW)
effects (O(α4QED)) and the contributions from QCD
(O(α2QEDα
2
s)). In addition, the loop-induced gluon-
initiated process gg → γγ+ gg was computed. Although
of higher order, it is enhanced by the large gluon lumi-
nosity at the LHC, and so it is worth checking how large
‡ The details of the implementation of the lineshape [24] have a
very small effect on the light, narrow Higgs discussed in this note,
so we can rely on a naive Breit-Wigner prescription.
FIG. 1. Examples of contributing Feynman diagrams. The
vertical dotted line separates the Higgs signal (left) from con-
tinuum background (right). The top diagram shows the VBF
signal and EW background contributions; the middle, the GF
signal with tree level QCD mediated background; the bot-
tom, the gluon-initiated signal, with the corresponding loop-
induced LO background.
an effect it produces. Examples of the relevant Feynman
diagrams can be seen in figure 1.
It is possible for the GF and VBF contributions to in-
terfere with each other, in both signal and background.
For the Higgs signal this effect has been studied and
found to be very small [25–28]. At tree level, the ab-
sence of such VBF/GF interference is due to the different
color quantum numbers exchanged in the t-channel, sin-
glet versus octet, as can be seen in figure 1. (In the case
of ZZ fusion, if the two quarks are identical, interference
is allowed but it is highly suppressed kinematically [25].)
At one loop, the color restriction is relaxed but the in-
terference is still very small [26–28]. Similar consider-
ations apply to VBF/GF interference in the continuum
background, and to the signal-background interference.
Although we include all terms in the amplitude sums in
eq. (5), in practice it is quite accurate to speak of the
VBF and GF contributions separately, and we will ex-
hibit results for these individual contributions below.
All of our results were obtained by two independent
calculations. In one approach, the relevant Feynman di-
agrams were obtained with the help of the Mathematica
package FeynArts [29]. Then, the corresponding ana-
lytical expressions were found using a customized version
of the package FormCalc [30]. Finally, a dedicated For-
tran code was used to assemble the contributions from
the various channels, convolute them with the parton
density functions (PDFs), and integrate them numeri-
cally over the final-state phase-space.
In the other approach, the SHERPA event gen-
4erator [31, 32] with its internal matrix element gen-
erator COMIX [33] was used to compute all tree-
level amplitudes, which were cross-checked with MAD-
GRAPH5 [34]. For the partonic channel of gg → H →
ggγγ, the background continuum process starts at one
loop; its matrix element was provided by the BlackHat
library [35–38].
Both approaches are in perfect agreement. Results for
the various separate signal and background contributions
were also cross-checked against the MCFM code [39, 40].
We used the MSTW2008 LO PDF set [41], along with
its corresponding value of αs(MZ), with the factorization
and renormalization scales set equal to the Higgs mass
(µF = µR = mH), and 5 massless quark flavours. For the
GF production mechanism we considered the mt → ∞
limit, using the effective Lagrangian approach for the
ggH coupling, which provides a good approximation even
for large di-jet invariant masses, as long as the jet trans-
verse momenta are small compared with mt [42]. For
the decay into two photons, both top quark and W bo-
son loop contributions are sizeable; the former was once
again treated in the largemt limit, while for the latter we
used mW = 80.385 GeV. For the Higgs boson mass and
width we used mH = 125 GeV and Γ = 4.07 MeV, and
we set αQED = 1/137 and the Higgs vacuum expectation
value to v = 246 GeV. We performed all the calculations
for a collider energy of 14 TeV.
MASS SHIFT AND ASYMMETRY
All plots presented in this section correspond to the
following set of selection cuts: an asymmetric cut on
the transverse momenta of the photons, p
hard (soft)
T,γ >
40 (30) GeV; an asymmetric cut on the transverse mo-
menta of the jets, p
hard (soft)
T,j > 40 (25) GeV; a symmet-
ric constraint on the photon and jet pseudorapidities,
|ηγ | < 2.5 and |ηj | < 4.5; and standard isolation cuts
for the photons and jets, requesting Rγγ , Rγj , Rjj > 0.4,
where R =
√
∆φ2 +∆η2. We also impose a cut in the
invariant mass of the dijet system of Mjj > 400 GeV.
We consider a range of possible cuts on the difference
in pseudorapidities between the jets (∆ηjj). The cut
|∆ηjj | > |∆ηjj |min, in particular, enhances the contribu-
tion of the VBF production channel, which characteris-
tically yields two very forward jets. Finally, we request a
minimum transverse momentum for the Higgs/diphoton
pair, pT,H ≡ |~p
hard
T,γ + ~p
soft
T,γ |. We impose pT,H > p
min
T,H ,
with pminT,H varied in the range from 0 to 160 GeV.
In order to simulate the detector resolution, we con-
volute the cross section with a Gaussian function in
the diphoton invariant mass, following the procedure of
Ref. [6]. We used several test mass resolution widths σMR
of the order of 1 GeV. The precise value of the apparent
mass shift δmH is roughly proportional to both the width
of the Gaussian, and the absolute magnitude and sign of
the interference. For the precise definition of the pro-
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FIG. 2. Top: Plot of mass shift δmH for different values of
|∆ηjj |min. The dashed blue line represents the contribution
from the VBF mechanism alone, the dotted red line shows
GF only, and the solid black line displays the total shift of
the Higgs invariant mass peak. Bottom: Total integrated
signal cross section, also separated into VBF and GF contri-
butions for the same cuts. No cut on pminT,H was applied, and
an additional cut was set of Mjj > 400 GeV.
cedure used to obtain the numerical value of the mass
shift, we refer to Ref. [9]. In the following results we use
a mass resolution of σMR = 1.7 GeV as the benchmark
value.
In figure 2 we show the values of the apparent mass
shift δmH obtained for different cuts on |∆ηjj |. We
present the contributions from VBF and GF separately,
as well as the total shift. At the bottom of the plot we
show the total integrated signal, also separated into VBF
and GF contributions for the same cuts. For this plot no
cut in pT,H was applied, and we considered only events
with Mjj > 400 GeV. When no cut in |∆ηjj | is applied,
the shift in the Higgs invariant mass peak position pro-
duced by these two main production mechanisms is of the
same magnitude, but of opposite sign; hence we observe
a partial cancellation between them, with a net shift of
around −6 MeV. As the value of |∆ηjj |min is increased,
VBF becomes the dominant contribution, and GF turns
negligible, leading to a shift of around 20 MeV toward
lower masses.
Next we study the dependence of the mass shift on
pminT,H . In figure 3 we present the mass shift and the sig-
nal cross section for a range of pminT,H between 0 GeV and
160 GeV. The curves are labeled in the same way as
in figure 2. Once again, both production mechanisms
contribute to the shift in invariant mass with opposite
signs. For this plot, we applied the additional cuts of
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FIG. 3. Top: Plot of mass shift δmH for different values of
pminT,H for VBF, GF and total contributions. The curves are
labeled as in figure 2. Bottom: Total integrated signal, also
separated into VBF and GF contributions for the same cuts.
The following additional cuts were applied: Mjj > 400 GeV
and |∆ηjj | > 2.8.
Mjj > 400 GeV and |∆ηjj | > 2.8, enhancing in this way
the VBF contributions. However, at higher pminT,H , GF
becomes as important as VBF.
In order to portray the effect of the interference terms,
we study the asymmetry A, defined as the difference
between the interference contribution to the hadronic
cross section (δσ) for diphoton masses smaller than the
Higgs mass, minus that for larger diphoton masses. More
specifically, we define:
A =
∫ 125 GeV
115 GeV
d(δσ)
dMγγ
dMγγ−
∫ 135 GeV
125 GeV
d(δσ)
dMγγ
dMγγ . (6)
This quantity serves as a theoretical proxy for the mass
shift; no Gaussian smearing has been applied. We plot
the asymmetry for different values of |∆ηjj |min in figure
4 and for different values of pminT,H in figure 5. Once again
we see how the contributions from VBF and GF are of
opposite signs, and therefore their effect cancels out par-
tially. At the bottom of both figures we show the ratio
between the asymmetry and the total integrated signal.
(Note that the denominator is the Higgs signal integrated
across the resonance, not the continuum background in
the given broad range of Mγγ .)
We also studied the dependence of the mass shift on the
width of the Gaussian used to simulate the experimental
mass resolution of the detector σMR. Figure 6 shows that
δmH increases with σMR in a roughly linear way, for five
different choices of cuts.
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FIG. 4. Plot of asymmetry A for different values of |∆ηjj |min,
for VBF, GF and total contributions. The curves are labeled
as in figure 2. Bottom: Plot of the ratio between the asymme-
try and the total integrated signal, also separated into VBF
and GF contributions for the same cuts. No cut in pminT,H was
applied, and an additional cut was set of Mjj > 400 GeV.
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FIG. 5. Plot of asymmetry A for different values of pminT,H , for
VBF, GF and total contributions. The curves are labeled as
in figure 2. Bottom: Plot of the ratio between the asymmetry
and the total integrated signal, also separated into VBF and
GF contributions for the same cuts. Additional cuts were
applied of Mjj > 400 GeV and |∆ηjj | > 2.8.
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FIG. 6. Plot of mass shift for different values of mass reso-
lution σMR. All the results have a cut of Mjj > 400 GeV.
The solid blue line shows the results with no additional cuts;
the dotted red line for a cut of |∆ηjj | > 2.8; the dashed
green line for |∆ηjj | > 5; the long dashed magenta line for
pminT,H > 40 GeV and |∆ηjj | > 2.8; and the dot-dashed black
line for pminT,H > 80 GeV and |∆ηjj | > 2.8.
BOUNDING THE HIGGS WIDTH
As we have seen in the previous section, the shift in the
Higgs invariant mass peak in pp → H(→ γγ) + 2 jets +
X is considerably smaller than in the inclusive channel
pp → H(→ γγ) + X . For appropriate cuts it can be
almost zero. This makes it useful as a reference mass for
experimental measurement of the mass difference,
∆mγγH ≡ δm
γγ, incl
H − δm
γγ,VBF
H , (7)
where δmγγ, inclH is the mass shift in the inclusive chan-
nel, as computed at NLO in Ref. [9], and δmγγ,VBFH
is the quantity computed in this paper. In computing
δmγγ,VBFH for use in eq. (7) we impose the basic photon
and jet pT and η cuts, and Mjj > 400 GeV, but no addi-
tional cuts on pT,H or ∆ηjj . This choice of cuts results
in a small reference mass shift and a relatively large rate
with which to measure it.
All the calculations we have presented so far were car-
ried out by setting the Higgs width Γ to the one predicted
by the SM: ΓSM = 4.07 MeV. In this section we use the
lineshape model of Ref. [9] to compute the mass shift for
a variable width Γ, in a way that is relatively independent
of the new physics that increases Γ from the SM value.
To be consistent with the Higgs signal strength measure-
ments already made by the LHC, if the value of the Higgs
width is varied its couplings must also be modified, in or-
der to prevent the total cross section from suffering large
variations. We assume a model in which the couplings of
the Higgs boson to the top quark and the massive weak
bosons deviate from the SM predictions by real factors
ct and cV , respectively. This generates a variation in the
effective coupling of the Higgs to gluons and photons by
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FIG. 7. Plot of measurable mass shift ∆mγγH defined in eq. (7),
as a function of Γ/ΓSM.
real factors cg and cγ . We adjust Γ to maintain the Higgs
signal strength near the SM value. For example, for the
γγ channel we have, integrating over the resonance in the
narrow-width approximation [9],
c2gγS
mHΓ
+ cgγI =
(
S
mHΓSM
+ I
)
µGF , (8)
where cgγ ≡ cgcγ , S is the SM Higgs signal cross sec-
tion, and µGF denotes the ratio of the experimental
signal strength in gg → H → γγ to the SM pre-
diction (σ/σSM). The interference term I is negligi-
ble; the fractional destructive interference in the SM is
mHΓSM I/S ≈ −1.6% [5].
An analogous equation holds for the VBF production
of Higgs bosons decaying to γγ,
c2V γS
mHΓ
=
S
mHΓSM
µVBF , (9)
where cV γ ≡ cV cγ , and µVBF denotes the ratio of the
experimental signal strength to SM prediction in VBF
production with decay to γγ. We have dropped the cor-
responding interference term I because it is even smaller
in this case. Neglecting I also in eq. (8), we see that
c2gγ/Γ = µGF/ΓSM and c
2
V γ/Γ = µVBF/ΓSM, whose solu-
tion is
cgγ =
√
µGFΓ
ΓSM
, cV γ =
√
µVBFΓ
ΓSM
. (10)
The current experimental values for the signal strengths
from ATLAS are µVBF = 0.8±0.7 and µGF = 1.32±0.38
[43], and from CMS µˆVBF = 1.58±0.7 and µˆGF = 1.12±
0.37 [11], which are compatible with the SM predictions.§
We used for our analysis the values µGF = µVBF = 1.
§ These are not precisely the same quantities as we have defined,
since they include information from the ZZ∗ final state as well
as γγ.
7In figure 7 we show how the observable ∆mγγH depends
on the value of the Higgs width. The dependence is pro-
portional to
√
Γ/ΓSM to a very good accuracy, as dic-
tated by eq. (10) and the linearity of the produced shift
in cgγ or cV γ (in the range shown). It is dominated by
the mass shift for the inclusive sample [9].
CONCLUSIONS
In this paper, we studied the interference between the
resonant process pp → H(→ γγ) + 2 jets and the cor-
responding continuum background at the LHC, which
generates a shift in the position of the peak in the dipho-
ton invariant-mass spectrum. A similar shift also occurs
for the γγ final state in inclusive Higgs production. The
shift is strongly dependent on the Higgs width, in mod-
els where the Higgs experimental yields are held constant.
This feature might allow LHC experiments to measure or
bound the width.
Both gluon fusion and vector boson fusion production
mechanisms contribute to pp → H + 2 jets. The two
mechanisms generate shifts of opposite signs, leading to
a large cancellation of this effect. Depending on the sets
of cuts that are used, the net shift can be as small as
5 MeV toward lower masses. The small magnitude of
this shift makes this channel a good reference mass for
measuring the larger mass shift of the inclusive case. The
expected measurable mass shift, defined as the mass dif-
ference between the peaks of the γγ + 2 jets +X sample
and of the inclusive diphoton sample, has been obtained
as a function of the Higgs width (figure 7). Our main the-
oretical assumption was that the couplings of the Higgs
rescale by real factors. We also assumed the same rescal-
ing for the Higgs coupling to gluons as for its coupling
to vector boson pairs; this assumption could easily be re-
laxed, to the degree allowed by current measurements of
the relative yields in different channels.
We look forward to more theoretical studies along these
lines, as well as future experimental efforts at the LHC
to measure or bound this shift, and hence the width of
the Higgs boson.
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